power system is gaining popularity due to its economic and social benefits. However, wind power generation introduces many problems into power systems because of its natural fluctuation and intermittency. For example, it has perturbed the grid operation on the aspects of power security and stability and its intermittency also brought challenges to electricity markets involving wind power trading [1] . For power systems including wind farms, load flow analysis is often used to assess the impact of wind turbines on the grid's steady-state operation and lay a foundation for other theoretical studies such as grid stability [2] . In load flow analysis, all the buses are divided into three types: Slack buses, PQ buses and PV buses. Load flow calculation derives primarily the voltage magnitudes and angles of all buses. Afterwards, given branch impedances, the active and reactive power flowed through branches and power losses can be calculated.
Considering load flow analysis, models for asynchronous generator in steady-state have been proposed and discussed in many literatures. After defining the model of WGs in the system, one can then adopt iterative algorithm, i.e. Newton-Raphson algorithm, to solve load flow problems. As a summary, the existing methods for deterministic load flow analysis of a system containing WGs can be sorted as the following cases:
In general, an asynchronous WG has a short-circuited rotor and it works at the super synchronous state [3] . The PQ Model studied treats WG as a node of which the active and reactive power are known quantities [4] [5] [6] [7] . It takes some approximations by adopting the assumption Q e = f (P e ), here the symbol f represents a general quadratic function [5] . In reference [8] a creative improvement is presented for the PQ Model: a more accurate simulating method of asynchronous WGs was researched in detail by using some circuit transformations.
In comparison, an exactly accurate model was also researched for asynchronous WGs in [5] , [6] , called RX Model, which considers the machine's internal circuit parameters by using the Г circuit model of a WG. With the Thevenin theorem applied, another more accurate RX Model, i.e. RX2, which is based on the T circuit model, was discussed in [9] . The conventional RX Models are often carried out through a sequential iterative approach. The authors advice that RX Models can be also solved in a unified way by adding a mismatch equation in the load flow formulation [10] . In [11] , wind farms and automatic load-frequency control are both taken into account in power mismatch equations.
A new model is explored by considering the induction generator equivalent circuit without rotor slip. Paper [12] derives the active and reactive power outputs of wind turbine generating systems as functions of terminal voltages, mechanical power and winding parameters except the rotor slip. The proposed model is compared with existing models by mathematical computation. Paper [13] incorporates the same model into distribution system load flow analysis and compared with Matlab/Simulink models.
In this article, a Multiple-Node Models for the load flow analysis of an asynchronous WG is proposed. Compared with those models mentioned in the previous literatures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , the proposed model can be directly performed on any conventional load flow programs without additional modifications on original codes or the iterative processes for slip s and reactive power. What's more, it accelerates the program computation speed because of its brevity. For comparison, this article simplifies the RX model in [5] by assuming the active power only relates to wind speed. It turns out that the proposed model has equal accuracy as PQ model and the simplified RX model. By using this model, load flow analysis of a power system integrated with wind farms can be more efficient and practical.
The remainder of this paper is structured as below: Section 2 develops the Multiple-Node Models of an asynchronous generator for load flow calculation after a discussion of its basic model. Then a wind farm aggregation methodology is presented in detail. Section 3 shows the load flow results of the modified IEEE-30 test system by using conventional and proposed models respectively, with wind aggregation applied, and the comparisons are given. In Section 4 the conclusions are drawn.
Load flow model of asynchronous wind generator

Steady-state WG Models
In terms of wind turbines with certain blades, the mechanical power P m is a function of the wind speed v w . The relationship between P m and v w is shown as follows:
Where  is the air density (kg/m
)
A is the blades sweeping area (m 2 ) p C is the power coefficient.
v w is the wind speed (m/s).
If wind speed v w is given, the mechanical power P m generated by the wind power could be obtained as a constant known quantity in the following analysis. In general, the manufactures also supply the curve of the mechanical power. Therefore P m can be treated as the input data of the load flow problem. Where s is the slip, and r r , r s are rotor and stator resistance. x r , x s are rotor and stator reactance and x m is the magnetizing reactance. It needs to be declared that in this research the approximation of neglecting the core loss is adopted. If the core loss is to be considered, it only needs to add a by-pass resistance R fe in parallel with the magnetizing reactance x m .
In Figure 1 , the rotor is considered locked and the mechanical power on the shaft P m is represented by the active power consumed on the variable resistance, as expressed in Eq. (2).
Inversely the active power consumed on the variable resistance in Figure 1 can be replaced by mechanical power P m of known rotor speed. Hence we could use an equivalent constant power source to substitute the variable resistance shown as the dashed box in Figure 1 .
With such a transformation, Eq. (2) can be eliminated from the load flow equations and the solution of the slip s can be decoupled from the load flow calculation.
Multiple-Node Models of a WG
In practice, wind speed data and wind turbine parameters are regarded as known quantities. Hence under the precondition of adopting certain control strategies for fixed speed induction generators, the mechanical power of the WG can be seen as a constant input variable.
Developing from the analysis above, the model of an asynchronous machine has been transformed into the following proposed conventional load flow model. Figure 2 shows the Three-Node
Model of WG which is connected to a power system. Three PQ buses and several virtual branches are added to simulate a WG bus. In Figure 2 , N1, N2
and N3 are the three equivalent buses of a WG. For load flow analysis, in the nodal admittance matrix, a three-order matrix is used for a WG bus, and the values of the injected power are given in
It can be seen that N1 and N2 are both contact nodes, that is, they are PQ buses with P=0 and Q=0. In addition, through such a Y-△ transformation of the circuit, the Three-Node model can be converted into the Two-Node model conveniently. Under the circumstance of very large amount of wind generators connected to the power system, using the Two-Node Model may reduce the size of power flow matrix than using the Three-Node Model. However, the Three-Node model has definite physical meaning, so this paper still investigates the Three-Node Model in the following discussion.
Multiple-Node Models for Load Flow Analysis
The steady-state model of a wind farm is often used to load flow calculation. With the Multiple-Node Models adopted, potential researches on power systems integrated with asynchronous WGs will be much more convenient and efficient. The next is to present the detailed implementation of the Multiple-Node Models for load flow analysis.
The modification for load flow analysis is applied easily in terms of Three-Node Model. For example, as shown in Figure 2 , a WG is connected to a given power system. Given the mechanical power and certain working condition, the load flow problem containing wind power can be solved as follows: 1) to add three PQ buses with detailed parameters shown in Table 1; 2) to add two branches with the detailed parameters shown in Table 2 .
. Obviously, the virtual bus definition of WG keeps consistent with that of the general bus. The proposed models facilities the load flow analysis of a power system which contains large-scale wind farms: the calculation can be directly carried out based on the existing conventional load flow program. Compared with the general PQ model, these models take into detailed consideration the active power consumed by winding resistances and the reactive power absorbed from the grid. In the meanwhile, they also possess the advantages of simplicity and convenience for interfacing with universal power flow programs.
It can be seen that load flow based on Multiple-Node Models needs not concern about the iteration process of s which spares the burden of calculation. On the contrary, in conventional RX Models [9] , s is a key variable for iteration and it is usually derived in a very complex expression, which may take more computation time. Anyway, if the value of s needs to be known in some occasions, it can be also obtained conveniently after the load flow is solved. When Three-Node Model adopted, the value of the slip s, can be calculated by Eq. (4). 
Wind farm aggregation study
In steady-state analysis, it is more important for the power grid side to concern about the global state of a wind farm in order to reduce computation time. The research of the wind farm aggregation in this section is to replace the whole wind farm by several equivalent WGs on the premise of acceptable accuracy. As shown in Figure 3 , the wind farm incorporates amounts of WGs, and each of them is connected by a box-type transformer. The high-voltage terminals of the box-type transformer are gathered by the collector buses of the wind farm. 
Where P m_i,j is the mechanical power of the j th WG on the i th row.
Wind farm aggregation is practically needed but it is not the key point of this paper. There are various aggregation methods when different aspects, i.e. wind speed, are concerned [14] . In this article, we apply a simple method based on some assumptions. Considering the working points of WGs are close, there is no voltage difference among the WGs in one row. The collector buses can be replaced by one equivalent collector bus. The aggregation criterion is that, seeing from the grid side, the virtual branch impedance consumes the same power loss as that along an actual branch [15] . 
Case Study
The modified IEEE-30 test system [16] is applied in the case study, which is shown in Figure 5 . The load flow analysis of the modified IEEE-30 test system is carried out when a wind farm is integrated. Table 3 illustrates the load flow results before and after applying aggregation method.
Compared with that of distributed WGs in the wind farm, the voltage of the added Bus 31 still can be derived accurately by using equivalent method, which verifies the effectiveness of wind farm aggregation.
TABLE 3
Voltage of the wind farm with different equivalent methods adopted Model adopt when the value of wind speed varies from 5m/s to 14m/s.
TABLE 4
Voltage of the wind farm with different models adopted
Voltage of the wind farm (p.u.)
PQ Model [5] Simplified RX Model [5] Three-Node Model Table 3 , it shows that the Three-Node Model of WG proposed in this paper for is quite feasible for steady-state analysis of power systems with the aggregated wind farm.
To compare the computation efficiency, the detailed iterative processes of PQ Model, RX Model 
Conclusions
In this article, a Three-Node Model is proposed for asynchronous WG. This model converts the induction generator circuit into several power system buses and branches to transmit wind power. In the first place, the Three-Node Model properly described a fixed speed induction generator. It has confirmed that the accuracies of this model and other existing models are equally matched.
What count is the convenience and flexibility to have this model performed in universal load flow programs. This model eliminates the iteration process of rotor slip or other redundant calculations and helps unburden the computation complexity.
In practice, the combination of Three-Node Model and wind farm aggregation method further improves the superiority of its application to the load flow analysis incorporating wind farms. List of figures
